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D p71 is the main short product of the DMD gene (MIM: 300377) expressed in the central nervous system (CNS). It is generated by usage of an internal promoter located in the intron between exons 62 and 63 of the DMD gene. [1] [2] [3] [4] In the rodent retina, Dp71 is selectively expressed by the Müller glial cells (MGCs) and astrocytes, at the inner limiting membrane (ILM) and around blood vessels. [5] [6] [7] [8] [9] [10] [11] It is associated with a protein complex responsible for membrane clustering and proper distribution of the aquaporin 4 (AQP4) water channel and the Kir4.1 potassium (K + ) channel in MGCs, which control extracellular water and ionic balance. 8, 12 Mutations in the multipromoter DMD gene, of which Dp71 is one product, have been associated with retinal alterations in both patients with Duchenne muscular dystrophy (DMD [MIM: 310200]) and mouse models of this disease. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] This mostly reflects the dysfunction of DMD gene products affected by frequent mutations, such as Dp427 and Dp260, which are expressed in the outer plexiform layer (OPL) of the retina. 25, 26 However, the most distal mutations of the DMD gene that additionally prevent expression of Dp71 aggravate retinal dysfunctions in patients with DMD. 22 It has also been proposed that dysfunction of the dystrophinassociated glycoprotein complex in MGCs, as well as the mislocalization of Kir4.1 and AQP4 channels, contributes to the retinal edema and the neovascularization in diabetic retinopathy. [27] [28] [29] More recently, AQP4 disruption in patients with neuromyelitis optica has been associated with electrophysiologic alterations of the retina. 30 MGCs constitute the main type of glial cell in the retina of the vertebrates. [31] [32] [33] In addition to other functions, [34] [35] [36] [37] MGCs are responsible for the extracellular ionic balance of the retina, 35, 38 notably by K + buffering, a critical cellular process associated with measurable extracellular currents controlling K + homeostasis. [39] [40] [41] [42] [43] How K + buffering contributes to retinal neurophysiologic functions is still unclear. Currents flowing along MGCs and synaptic activity [44] [45] [46] may mutually influence each other and thus contribute to the b-wave of the electroretinogram. 47, 48 Interestingly, the genetic loss of Dp71 in Dp71-null mice impairs the polarization of Kir4.1 channels in MGCs 8, 12 and induces a slight reduction of b-wave amplitudes in scotopic electroretinograms, as previously reported. 49 Various adeno-associated virus (AAV) serotypes have proven useful in targeting retinal cells and to recover retinal deficits in mouse models of human diseases. [50] [51] [52] [53] [54] [55] A recently characterized AAV vector serotype, the ShH10-GFP vector, may be of particular interest because it selectively transduces MGCs. 56, 57 When injected intravitreally in Dp71-null mice, this AAV variant penetrates the retina easily, likely due to the thinner ILM in this mouse model. 57, 58 To develop the first tool for Dp71 rescue strategies in the CNS, the complete murine Dp71 sequence without splicing was cloned under control of a strong ubiquitous chicken β-actin promoter for bicistronic expression of a GFP reporter gene linked to Dp71 coding sequence using the viral 2A peptide. The intravitreal injection of the ShH10-GFP-2A-Dp71 vector in Dp71null mice was shown to induce reexpression of Dp71 in MGCs, associated with a complete relocalization and expression of AQP4 and Kir4.1 channels in MGCs, suggesting high suitability for rescue strategies in this transgenic mouse model. 57 In the present study, we used precise in vivo electroretinographic (ERG) measurements evoked by different types of visual stimuli, which were proven to enable finelevel analyses and identification of specific cellular mechanisms and retinal cellular pathways in mice. 24 We first established that critical ERG parameters are affected in Dp71-null mice. We then demonstrated that the ERG deficits in Dp71null mice can be recovered after intravitreal injections of the ShH10-GFP-2A-Dp71 vector, thus highlighting the role of MGCs in ERG and the potential of AAV-based gene therapy for functional recovery in retinal pathologic conditions. These data have been presented at the annual meeting of the Association for Research in Vision and Ophthalmology. 59 
METHODS

Animals and Experimental Groups
Dp71-null mice were a kind gift from Prof. David Yaffe (Weizmann Institute, Rehovot, Israel). Targeted disruption of Dp71 expression in mice was generated in his laboratory by homologous recombination, by replacing most of the first and unique exon and a small part of the first intron of Dp71 by the promoter-less gene encoding a β-galneomycin resistance chimeric protein, which selectively abolished expression of Dp71 without interfering with expression of other DMD gene products. 61 Dp71-null mice were backcrossed for >10 generations with C57BL/6JRj mice ( Janvier Labs, Le Genest-Saint-Isle, France) in CNRS-CDTA (Cryopréservation, Distribution, Typage et Archivage animal, UPS44, Orléans, France) by coauthor AR (Institut de la Vision, Paris, France). They were then transferred to the animal facility in Orsay (France) for production and maintenance of the transgenic line by crossing heterozygous females with C57BL/6JRj male mice, to generate Dp71-null and littermate control (wild-type [WT]) males for experiments. Genotype was determined by PCR analysis of tail DNA. Animals were kept under a 12-hour light-dark cycle (lights on 7:00 AM) with food and water ad libitum.
All experiments adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and they were conducted following the guidelines of the local mouse facility (agreement D91-471-104) in compliance with European Directive 2010/63/EU and French National Committee (87/848). The experiments were approved by the animal welfare body of our institution (Institut des Neurosciences, Neuro-PSI) and Ethics Committee #59. A total of 34 male mice were tested: 22 Dp71-null mice (85.5 ± 6.8 days old) and 12 WT littermates (77.9 ± 6.8 days old). All animals first underwent ERG measurements to characterize their electrophysiologic phenotype. The mice were injected 8 to 15 days after the end of recordings: 9 mice were injected with the ShH10-GFP control AAV (sham) vector in their right eye (5 WT and 4 Dp71-null mice); 11 Dp71-null mice were injected with the ShH10-GFP-2A-Dp71 vector in their right eye. Left eyes of both WT and Dp71-null mice were used as noninjected controls . In addition, the 2 eyes of 6 WT mice (i.e., total number of 12 eyes) were not injected to be used as control (total noninjected eyes from WT mice = 17). In 26 mice (15 Dp71-null and 11 WT), a second series of recordings was performed three months after injections. After the second ERG recording session, retinas were dissected out following cervical dislocation for molecular and biochemical analyses.
Animal Preparation
Prior to testing, the mice were dark-adapted at least 12 hours. All handling, preparation, and electrode placement were performed under deep red illumination to maintain dark adaptation of the retina. During the ERG recordings, the mice were positioned on a water-heated (38°C) platform, to maintain body temperature during anesthesia. The mice were anesthetized by an intramuscular injection of 25:5 mg/kg of 10% ketamine (ketamine 1000; Virbac, Carros, France)/2% xylazine (Rompun; Bayer Healthcare, Puteaux, France) in saline. A subcutaneous injection of 0.9% saline (300 μL before recordings, 100 μL after recordings) was given to prevent dehydration. Pupils were fully dilated using eye drops of 0.5% tropicamide (mydriaticum; Théa, Clermont-Ferrand, France) and 5% phenylephrine (Neosynephrine FAURE; Europhta, Monaco; one drop of each). Contact lens electrodes (Ø 3.2 mm; Mayo Corporation, Inazawa, Japan), filled with Corneregel (Dr. Mann Pharma, Berlin, Germany), were positioned on both corneas and served as active electrodes. Reference and ground needle electrodes were inserted subcutaneously, medial to the two ears and at the base of the tail, respectively. To prevent corneal ulcerations and eye infections, one drop of Tevemixine and one drop of N.A.C. (TVM Lab, Lempdes, France) were applied after ERG recordings.
Apparatus and Recordings
Recordings of full-field ERGs (binocularly) and stimuli presentation were controlled by the RetiPort system (Roland Consult, Brandenburg, Germany) using a Ganzfeld bowl (Q450SC). All signals were amplified 100,000 times, bandpass filtered between 1 and 300 hertz (Hz), and digitized at a rate of 512 (flash) or 2048 Hz (flicker). ERGs were measured in the order of increasing mean luminance to minimize adaptation time to the following stimulus conditions.
The following ERG recordings were performed in the given order (so that the mean retinal illuminance increased during the recordings).
Scotopic Flashes. Rod and mixed rod-cone mediated
ERG responses were recorded to flashes with -3.7, -2.7, -1.7, -0.7, and 0.3 log candela (cd)s/square meters (m 2 ) (white light) strengths on a dark background. The number of repeats (sweeps) decreased with increasing flash strength (12, 10, 8, 8, and 4) . The interstimulus interval was progressively increased with increasing flash strength (1, 2, 5, 10, and 20 seconds), thereby maintaining a dark-adapted state. Similarly, the interval between each condition increased (from 10 to 120 seconds) as flash strength increased.
Mesopic On and Off Sawtooth. Rapid On and Off
sawtooth stimuli eliciting increment (On) and decrement (Off) responses, respectively, were delivered with a mean luminance of 1 cd/m 2 (white light). The sawtooth temporal profile was presented at 4 Hz (i.e., with a period of 250 ms) and 100% temporal luminance contrast. Before recording On-and then Off-responses, the mouse was adapted to the 1-cd/m 2 mean luminance for two minutes. Signals from the first two stimulus cycles, each lasting one second (i.e., the first two seconds after stimulus onset), were discarded to avoid onset artifacts. Averages of 20 sweeps of one second each were obtained. Photopic Flashes. In total, 0.3 log cds/m 2 white flashes upon a 25-cd/m 2 white background were delivered after a preadaptation period of two minutes to a 25-cd/m 2 white background. In total, 20 flashes with an interstimulus interval of one second were averaged. Photopic Sine Wave. Sinusoidal luminance modulation (100% Michelson contrast; 60 cd/m 2 mean luminance, white light; two minutes of preadaptation) at 10 temporal frequencies from 3 to 30 Hz were measured randomly. Averages of 20 sweeps, each lasting one second, were obtained. As with the sawtooth stimuli, the first two sweeps were discarded.
Photopic On and Off Sawtooth. Rapid On and Off
sawtooth stimuli (white light) for incremental and decremental responses, respectively, were delivered with a mean luminance of 60 cd/m 2 . As in the mesopic condition, the temporal profile was a 250 ms period (i.e., delivered at 4 Hz) with 100% temporal luminance contrast. Signals from the first two stimulus cycles were discarded to avoid onset artifacts. Averages of 40 episodes of one second each were obtained.
ERG Signal Analysis
ERG components were analyzed offline by peak/trough, detection, baseline measurements, and Fourier analysis using self-written MATLAB routines (The Mathworks, Inc., Natick, MA, USA) and Excel spreadsheets (Microsoft Office 2010; Microsoft Corporation, Redmond, WA, USA). Figure 1A shows that in the dark-adapted flash ERG, the a-wave was defined as the difference between baseline (average of 17 ms before the flash) and the minimum within a 50-ms time window after stimulus onset, and the b-wave was the difference between the a-wave minimum and the b-wave maximum after digital isolation and removal of oscillatory potential (OPs) by a variable filter method. 60 Isolated OPs (Fig. 1B) were also obtained through the variable filter method. In the light-adapted flash ERG (Fig. 1C ), only the b-wave was considered, as both the photopic a-wave and the photopic negative response were previously found to be very small. 24 Steady-state sine-wave modulation ERGs (Fig. 1D ) underwent Fourier analysis to isolate their first harmonic (fundamental) amplitudes and phases. The first harmonic phase values were accepted for analysis only if the signal-to-noise ratio (SNR) was equal to or greater than two. SNR was calculated by dividing the first harmonic amplitude by the noise level, which was defined as the mean amplitude at frequencies ±1 Hz of the stimulus frequency. 61 For the sawtooth ERGs ( Fig. 1E, 1F ), the baseline was defined as the average of the first 5 ms of each response after the rapid luminance change. The first troughs were taken from baseline, with subsequent component amplitudes calculated as peak to trough from the preceding peak or trough.
Intravitreal Injections of ShH10 Vectors Coding GFP and GFP-2A-Dp71
Gene transfer to restore Dp71 expression in the Dp71-null mouse has been recently developed using AAV generated by directed evolution to selectively deliver the Dp71 coding sequence (without exons) to MGCs. 57, 58 The production of the recombinant AAV vectors by plasmid cotransfection method was previously described. 57 Briefly, the resulting lysates were purified via iodixanol gradient ultracentrifugation 62 ; 40% iodixanol fraction was concentrated and buffer exchanged using Amicon Ultra-15 Centrifugal Filter Units (Merk Millipore, Molsheim, France). Vector stocks were then tittered for DNase-resistant vector genomes by real-time PCR relative to a standard. 63 Each vector contained a selfcomplementary genome encoding the viral 2A peptide for bicistronic expression of GFP and Dp71 under the control of a ubiquitous CBA promoter. The GFP-2A-Dp71 cDNA was synthesized by GENEWIZ, Inc. (Leipzig, Germany) and cloned into an AAV plasmid (pTR-SB-smCBA) containing inverted terminal repeat regions for the packaging of the sequence of interest into ShH10 capsid. The vector was further modified with a single Y445F tyrosine to phenylalanine mutation for enhanced intracellular and nuclear trafficking, 64 which was introduced into the ShH10 capsid plasmid using a site-directed mutagenesis kit (QuikChange Lightning; Agilent Technologies, Les Ulis, France).
Vector administration was performed under deep isoflurane anesthesia (induction 4%; flow rate 1 L/min in air). The pupils of the mice were dilated by ocular instillation of phenylephrine (neosynephrine 5%; Faure Europhta, Monaco) and 0.5% tropicamide (mydriaticum; Théa) eye drops. An ultrafine 30-gauge disposable needle was passed through the sclera, at the equator and next to the limbus, into the vitreous cavity. Injection of 1 μL stock containing 1 × 10 14 particles/mL of ShH10-GFP-2A-Dp71 vector or 1 × 10 13 particles/mL of ShH10-GFP control vector was made with direct observation of the needle in the center of the vitreous cavity using contact lens electrodes (Mayo Corporation) filled with Corneregel (Dr. Mann Pharma, Berlin, Germany) under a Leica S6E stereomicroscope (zoom 6.3:1, 6.3×-40×; Leica Microsystems SAS, Nanterre, France). Only right eyes were injected, whereas left eyes were used as noninjected controls. Hercules, CA, USA) according to the manufacturer's instructions. The efficiency of protein transfer was controlled by Ponceau red staining of the blot. For immunochemistry, the membranes were blocked in PBS containing 0.1% Tween 20 (PBS-T) and 5% dry milk (Bio-Rad Laboratories) for two hours at room temperature, then incubated with the H4 polyclonal primary antibody directed against the C-terminal part of dystrophins (D. Mornet, INSERM, Montpellier, France) as described 65 in PBS-T and 5% BSA. Blots were then washed and incubated with a secondary antibody conjugated to horseradish peroxidase ( Jackson Immunoresearch, Europe Ltd, Cambridgeshire, UK) diluted 1:10,000 in PBS-T, 5% BSA. Molecular weights were compared to pageruler plus prestained protein ladder (Thermo Fisher Scientific, Courtaboeuf Cedex, Villebon-sur-Yvette, France). Chemiluminescence was performed using ECL+ Western blotting detection system (Amersham Biosciences Europe GmbH, Saclay, France) and documented with a Fusion FX camera (Vilber Lourmat, Collégien, France).
Molecular and Biochemical Analyses
Statistical Analysis
ERG data are expressed as means ± one standard deviation. Genotype and group differences were evaluated using 1-or 2-way ANOVA tests (SPSS, Statistical Package for the Social Sciences, Hong Kong, China) depending on the presence of a within-subject repeated measure (strength, frequency); paired comparisons were performed using Bonferroni post hoc analyses. Significant correlations among variables were evaluated with the r to z Fisher test; P values <0.05 were considered statistically significant.
RESULTS
ERG Phenotype of Dp71-Null Mice
In order to describe the ERG phenotype of Dp71-null mice, we first compared ERGs from Dp71-null (N = 44 eyes; 22 males) to those from WT littermate mice (N = 24 eyes; 12 males).
The complete ERG characterization of Dp71-null mice is shown in Figure 1 . Averaged dark-adapted flash responses ( Fig. 1A ) increased with increasing flash strength from -3.7 to 0.3 log cds/m 2 in Dp71-null and WT mice for both the a-wave (F(4, 256) = 484.65; P < 0.001) and the b-wave (F(4, 256) = 424.44, P < 0.001). The b-wave typically dominated the responses, while the a-wave was detectable at flash strengths of -1.7 log cds/m 2 and higher. Figure 1A shows comparable a-wave mean amplitudes (F(1, 64) = 0.029; P = 0.864) and implicit times (F(1, 64) = 0.287, P = 0.594) in the two genotypes. In contrast, the dark-adapted bwave amplitudes were significantly smaller at all flash strengths in Dp71-null mice compared to WT (genotype: F(1, 64) = 14.75, P < 0.001; genotype × flash strength interaction: F(4, 256) = 9.38, P < 0.001; all post hoc analyses: P < 0.001). However, the b-wave implicit times of the dark-adapted ERGs were comparable in Dp71-null and WT mice (F(1, 64) = 0.91, P = 0.345).
Averaged isolated oscillatory potentials (Fig. 1B) were extracted from the dark-adapted responses. All OPs were extracted, but OP3 was the largest, with a maximal signal-tonoise ratio. The OP3 parameters were statistically comparable in the two genotypes (genotype effects: F(1, 66) = 1.228, P = 0.272 for amplitudes; F(1, 66) = 2.773, P = 0.101 for implicit times; genotype × strength interaction: F(4, 264) = 0.678, P = 0.608 for amplitudes; F(4, 264) = 0.842, P = 0.499 for implicit times).
In light-adapted (photopic) conditions (Fig. 1C) , the ERG responses elicited by flashes of 0.3 log cds/m 2 strength were typically dominated by a positive b-wave. The amplitude of the photopic b-waves were also reduced (∼40%) in Dp71-null compared to WT mice (F(1, 64) = 25, P < 0.001), but this was not associated with changes in the implicit times (F(1, 64) = 0.002, P < 0.961).
ERGs elicited by sine-wave luminance modulation measured at 10 temporal frequencies (3-30 Hz) are shown in Figure 1D . The mean amplitudes of the first harmonic (fundamental) components were used to define the response to sine-wave stimuli and were plotted as a function of temporal frequencies, which revealed a reduction of the first harmonic components' amplitudes at frequencies between 3 and 12 Hz in Dp71-null mice compared to WT (genotype effect: F(1, 64) = 5.268, P = 0.025; genotype × frequency effect: F(9, 576) = 4.136, P < 0.001). The phases (only from signals with SNR of two or higher; see Methods) were similar in the two groups (genotype effect: F(1, 18) = 3.772, P = 0.068; genotype × frequency effect: F(9, 162) = 0.888, P = 0.537).
Mesopic On-mediated responses had an initial small negative component followed by a larger positive component, and mesopic Off-mediated responses also displayed a negative followed by a positive component (Fig. 1E) . In addition, Off-mediated mesopic responses were similar în WT and Dp71-null mice (amplitudes: F(1, 66) = 0.075, P = 0.785 and F(1, 66) = 0.016, P = 0.900; implicit times: F(1, 66) = 0.502, P = 0.481 and F(1, 66) = 1.514, P = 0.223; for the negative and positive components, respectively).
Averaged photopic On-and Off-sawtooth mediated ERG traces are shown in Figure 1F 
AAV-Mediated Rescue Experiments
After the initial characterization of phenotype differences, the same mice were used to evaluate AAV-mediated rescue of Dp71 expression in MGCs. Their right eyes were injected with either ShH10-GFP-2A-Dp71 or ShH10-GFP (sham vector), whereas their left eyes were not injected and served as control eyes. Six WT mice were not injected; therefore, their two eyes served as noninjected control eyes.
ERG responses in untreated Dp71-null eyes, recorded three months after injections in the fellow eyes, confirmed the phenotype characterized before the injections: darkadapted flash ERGs showed similar a-wave (P > 0.6) but reduced b-wave amplitudes in untreated Dp71-null mice compared to WT (P = 0.025) without changes in implicit times; light-adapted b-wave amplitudes were also reduced (P < 0.001), as well as the positive component of the photopic On-responses (P < 0.001) and first harmonic amplitudes of sine-wave responses (P = 0.034).
Our descriptions of the effects of ShH10 injections are focused on the parameters originally showing significant differences between genotypes (see above), as treatments did not modify the ERG parameters that were not initially altered in Dp71-null mice.
To determine putative biases induced by GFP expression in retinas of injected eyes, we compared the noninjected eyes with those injected with the ShH10-GFP sham vector in both genotypes (Fig. 2 ). To summarize, there was no effect of ShH10-GFP injection in both WT (all parameters P > 0.9) and Dp71-null mice (all parameters P > 0.8). Significant group × strength and group × frequency interactions were detected for the scotopic b-wave amplitude ( Fig. 2A) and sine-wave response amplitudes ( Fig. 2D ) (P < 0.001 and P < 0.05, respectively), which mostly reflected the main genotype differences described above. In addition, there were slight reductions in the scotopic b-wave amplitude measured in eyes of Dp71-null mice injected with the ShH10-GFP sham vector at highest flash intensities compared to responses of the noninjected eyes (see the right plot in Fig. 2A ). No differences were found in light-adapted flash (Fig. 2B) , sawtooth (Fig. 2C) , and sine-wave responses (Fig. 2D) . In any cases, the green fluorescence of GFP did not lead to enhanced ERG responses. Hence, any enhancement after reexpression of Dp71 cannot be attributed to the expression of GFP. Data from eyes injected with the sham vector were therefore pooled with those from noninjected eyes to constitute the WT and Dp71-null control groups in the analyses of the effects of ShH10-GFP-2A-Dp71. However, we have verified that identical results could be obtained if the data were compared with those of noninjected eyes only.
ShH10-GFP-2A-Dp71 injections resulted in a full recovery of ERG responses in Dp71-null mice when compared to those measured in WT mice. As shown in Figure 3A (top traces and plots), dark-adapted (scotopic) b-wave amplitudes were significantly larger in eyes from Dp71-null mice injected with ShH10-GFP-2A-Dp71 (treated eyes) as compared to control eyes (Dp71-null control = noninjected and sham-injected eyes; P = 0.028), and responses in treated eyes were comparable to those recorded in the WT control group (noninjected and sham-injected eyes; P > 0.9). Lightadapted (photopic) ERGs also fully recovered after ShH10-GFP-2A-Dp71 injection (Fig. 3A , bottom traces and plots). Treated eyes of Dp71-null mice showed significantly larger photopic b-wave amplitudes in comparison to Dp71-null control eyes (P < 0.001) and were not different from amplitudes recorded in WT control eyes (P < 0.9). Figure 3B shows the sine-wave responses (top) and the photopic Onresponses elicited by sawtooth stimulation (bottom). Sine-FIGURE 2. Effects of ShH10-GFP administration on the ERG response parameters that were found to be different between Dp71-null (red) and WT mice (purple) in the first series of recordings (as shown in Fig. 1 wave response amplitudes of the treated eyes of Dp71-null mice were larger than amplitudes measured in Dp71-null control eyes (P = 0.021) and comparable to the amplitudes measured in WT control eyes (P > 0.9). The positive component of the On-responses was significantly larger in Dp71null eyes treated with ShH10-GFP-2A-Dp71 compared to Dp71-null control eyes (P < 0.001). Responses recorded in treated eyes from Dp71-null mice were similar to those of WT control eyes (P = 0.161).
As expected from the previous characterization of our ShH10 vectors, 57 all retinas from injected eyes showed GFP expression in both quantitative PCR (qPCR) and Western blots, and Western blotting analyses revealed restoration of Dp71 expression in eyes injected with the ShH10-GFP-2A-Dp71 vector (Fig. 4 ). In addition, the Dp71 mRNA and protein were significantly overexpressed in the Dp71-null retinas treated with ShH10-GFP-2A-Dp71 as compared to Dp71 expression levels of WT mice. Figure 5 shows that there are no significant correlations between the level of Dp71 reexpression and posttreatment amplitudes for all affected ERG components in Dp71-null mice (all r < 0.4; all P > 0.4, NS).
Baseline Versus Posttreatment Comparison
In the foregoing, the data from control and treated Dp71null eyes were analyzed as independent groups. However, the eyes that were treated by ShH10-GFP-2A-Dp71 injections were measured before (baseline measurement) and after (follow-up measurement) injection. This offers the possibility to directly compare the effects of treatment in the same eye, thereby evading the effects of interindividual variability in the ERG data.
During the second series of recordings (i.e., following treatment), the scotopic b-wave ( Fig. 6A top) was significantly decreased in eyes from both WT (F(1, 21) = 8.874, P = 0.007) and control (noninjected and sham-injected eyes) Dp71-null mice (F(1, 16) = 7.013, P = 0.018) as compared to the recordings obtained three months before. In contrast, recordings in treated Dp71-null eyes were comparable in the two examination sessions (F(1, 10) = 1.556, P = 0.241). Similarly, photopic flash responses (Fig. 6A bottom) were lower during the follow-up session in WT (F(1, 21) = 10.365, P = 0.004) and Dp71-null control eyes (F = 9.623, P = 0.006) but not in the treated Dp71-null eyes (F(1, 10) = 1.837, P = 0.205). Hence, the dark-adapted and light-adapted bwave amplitudes measured in the treated Dp71-null eyes were similar to those in the control WT eyes.
There was also a significant improvement in the response amplitudes to 6-Hz sine-wave stimuli (Fig. 6B, top) and to photopic sawtooth On-mediated responses (Fig. 6B,  bottom) in the Dp71-null eyes after treatment (sawtooth On-responses: F(1, 10) = 33.413, P < 0.001; sine-wave responses: F(1, 10) = 16.683, P = 0.002). In contrast, no change was found between examination sessions in eyes from WT (On-responses: F(1, 21) = 0.685, P = 0.417; sinewave responses: F(1, 21) = 0.220, P = 0.644) and noninjected Dp71-null eyes (On-responses: F(1, 18) = 0.470, P = 0.502; sine-wave responses: F(1, 18) = 1.336, P = 0.263). Again, the responses recorded from the treated injected eyes were similar to those measured in the control WT eyes.
DISCUSSION
The main findings of the present study are as follows: (1) the absence of Dp71, the smallest product of the DMD gene that is normally expressed in MGCs, causes neurophysiologic disturbances in the retina characterized by ERG defects;
(2) scotopic and photopic b-waves, sine-wave responses at low temporal frequencies, and photopic On-responses are altered in Dp71-null mice; and (3) reexpression of Dp71 through therapeutic intervention specifically targeting MGCs induces complete recovery of the ERG responses, showing possible perspectives for the use of gene therapy for Dp71related diseases, such as DMD and diabetic retinopathy. Relative (re)expression in treated groups is a normalization representing the factor of changed expression compared with the mean expression in noninjected WT mice (WT-NI; mean expression equal to 1). This revealed an overexpression of Dp71 mRNA in treated eyes of Dp71-null mice (T) as compared to levels in noninjected WT eyes (WT-NI) and WT eyes injected with the sham vector (WT-GFP). Note the absence of Dp71 mRNA in eyes from Dp71-null mice that were either not injected (Dp71-null NI) or injected with the sham vector (Dp71-null-GFP). Examples of Western blots showing overexpression of the protein in treated eyes of Dp71-null mice (T) and absence of Dp71 in their respective noninjected control eyes (NI). Note the presence of GFP expression in all treated eyes. Since recovery was not directly dependent on the level of Dp71 reexpression, this approach holds even greater promise for translational developments.
The ERG is a sensitive functional biomarker of dystrophin-related alterations in the retina and possibly a signature of brain alterations. However, the specific contribution of each type of dystrophin protein expressed by retinal cells, such as Dp71, to the ERG is not well understood.
Here, we applied a large repertoire of stimuli selected to achieve a detailed assessment of retinal function comparable to the one obtained previously in mdx 3Cv mice lacking all dystrophins 24 and to the clinical assessments performed in children with DMD. 13 Our approach confirmed the results of an earlier study 49 showing that dark-adapted (scotopic) b-waves were reduced in Dp71-null mice but also revealed alterations in other ERG parameters that enable a better understanding of the underlying retinal mechanisms in this model.
The dark-adapted ERG is normally characterized by an initial negative a-wave, mainly representing the hyperpolarization of photoreceptors and Off-bipolar cells, followed by a large positive b-wave representing On-bipolar cell activity. 44, [66] [67] [68] [69] [70] Normal dark-adapted a-waves associated with reduced b-waves, with no peak delays and preserved OP wavelets, as found here in Dp71-null mice, indicate that On-bipolar cell postreceptoral mechanisms are specifically affected. Photopic b-waves originating from cone-driven Onbipolar cells activity were also reduced in Dp71-null mice. Moreover, the asymmetry of responses to onset versus offset photopic sawtooth stimuli suggests a selective defect in the cone On-bipolar cell pathway. Postreceptoral defects were confirmed by the presence of reduced responses to lowfrequency sine-wave modulation, indicating that MGCs may play a role in sustained rather than in transient retinal pathways.
The pathogenesis induced by Dp71 loss in the mouse retina, the selective expression of Dp71 in glial cells, the specificity of our AAV-ShH10 vector targeting MGCs, and the rescued expression and subcellular localization of Dp71, AQP4, and Kir4.1 in MGCs following treatment have been characterized in detail and published previously. 8, 57, 58 On the basis of the previous data, we propose the following Asterisks at the left side of the plots in A indicate that baseline amplitudes were significantly higher than follow-up amplitudes, while those at the right side in B indicate that they were significantly improved in the follow-up measurement. mechanisms for retinal pathology and for structural rescue, which may explain the ERG data and can be the basis for future studies.
Retinal Dp71 is mainly expressed by MGCs, where it is necessary for the proper distribution of Kir4.1 and AQP4 channels. 8, 12, 71 Both channels are responsible for regulating ionic extracellular concentrations in the retina. [71] [72] [73] In human patients with mutations in the KCNJ10 gene, coding for Kir4.1, the b-waves are delayed. 74 Surprisingly, the bwave amplitude is unaffected in transgenic mice lacking Kir4.1, 75 and it is unaffected, 76 or mildly reduced, 77, 78 in AQP4-null mice, suggesting putative compensatory mechanisms. AQP4 and Kir4.1 channels are mislocalized and downregulated in Dp71-null mice. 8 Considering that both channels influence proper K + homeostasis in the retina, indirectly (AQP4) or directly (Kir4.1), these disturbances may have a great impact on retinal function. Indeed, a proper distribution of Kir4.1 and AQP4 channels is required for extracellular K + buffering. 79, 80 In Dp71-null mice, the abnormal distribution of these channels in MGCs, in addition to the downregulation of AQP4, causes changes in the extracellular ionic distribution along MGCs 8,12 that may likely lead to electrophysiologic defects.
On-bipolar cells rather than MGCs are thought to contribute directly to the b-wave and other ERG components. 44, 75, 81 In light of our present data, we propose a model to explain how the changed K + distribution in Dp71null retina may modulate the activity of the On-bipolar cells through an altered synaptic transmission in the OPL (Fig. 7) . First, the abnormal distribution of Kir4.1 and AQP4 (also downregulated) ion channels in MGCs of Dp71-null mice causes an increase in K + concentrations in the OPL following light-induced membrane depolarization and associated K + release to the extracellular space. Second, it has been reported that On-bipolar cells have a high expression level of another subtype of potassium channel, Kir2.4, in their dendritic tips. 82, 83 This may result in a putatively higher sensitivity of the On-bipolar cell membrane potential to changes in extracellular K + concentration. Possibly, this leads to a depolarization of the membrane potential, a consequent decrease in excitability of On-bipolar cells, and thus a reduced ERG b-wave amplitude. 44 This might also explain why On-and Off-responses are differently affected in Dp71-null mice. In any case, the restoration of Dp71 after AAV treatment would lead to a normalization of K + distribution and to a recovery of the b-wave and other ERG components that at least partially originate in On-bipolar cells. To check if the alterations in MGCs are indeed responsible for the ERG changes, it might be interesting in future studies to measure electrophysiologic responses that are thought to directly originate in the MGCs, such as the slow PIII component or the scotopic threshold response. 44 The present study provides new evidence that the ERG defects in Dp71-null mice may reflect MGC-dependent unbalanced ion homeostasis, as they were fully compensated following the selective reexpression of Dp71 in MGCs using the ShH10-GFP-2A-Dp71 vector.
A previous study from our group has provided evidence for the altered distribution of Kir4.1 and AQP4 in the retina of Dp71-null mice. 8 In addition, we have previously demonstrated the following effects of the ShH10-GFP-2A-Dp71 AAV vector: (1) this vector serotype selectively transduces MGCs in the retina, (2) the AAV transduction territory encompasses the whole retina following intravitreous injection, (3) the reexpression of Dp71 following treatment with this vector is associated with its relocalization at the glial-vascular interface and with a relocalization of AQP4 and Kir4.1 in the same subcellular domains, and (4) the rescued distribution of Kir4.1 and AQP4 was obtained with an overexpression of Dp71 following treatment with this vector (data confirmed here). To confirm that the injections with the vector had the same effects as described previously, we repeated two experiments: we dissected each injected retina into two pieces for qPCR and Western blots. We found comparable reexpression levels as in our previous studies, characterized by overexpression of Dp71 in all treated retinas as compared to WT levels. 57, 58 Therefore, the functional rescue as shown in the present study by the ERG recovery has been complemented with the demonstration that the amount of Dp71 reexpression was comparable to our previous study. We thus assume that recovery of other proteins associated with Dp71 and structural rescue of MGCs are responsible for the ERG recovery.
Additional factors may indirectly contribute to the altered b-wave amplitude in Dp71-null mice. For instance, Kir4.1 and AQP4 are necessary for blood-retina barrier (BRB) integrity, 84, 85 and BRB breakdown was reported in Dp71null mice. 9, 12, 57, 86 However, although BRB breakdown might occur as one of the earliest detectable changes in eye diseases that also lead to impaired ERGs (e.g., in retinal vascular disorders such as diabetic retinopathy), 87, 88 ERG changes are not necessarily associated with BRB breakdown. 89 The absence of Dp71 has also been associated with delayed retinal vascular development that may influence the number, morphology, and function of other retinal cells and to a downregulation of other associated proteins such as laminin. This may lead to an increased K + concentration in the OPL of the Dp71-null retina (right-top panel). On-bipolar cells express a large number of K + channels possibly leading to a depolarization of the membrane potential and thus to a decreased ERG b-wave. This hypothesis was designed based on previous findings. 8, 12, 57, 82, 83 such as the astrocytes. 9 However, it seems unlikely that the reexpression of Dp71 in MGCs of the adult retina restores developmental and/or morphologic alterations. We therefore conclude that the restoration of Kir4.1 and AQP4 clustering at MGCs in Dp71-null mice is the main mechanism to explain the ERG recovery.
Although visual symptoms in patients with DMD are not severe, the retina is possibly a sensitive biomarker for dystrophin-related CNS dysfunctions. 22 In humans, ERG disturbances are classically associated with the dystrophins normally expressed in the CNS. 13, 14, 17, 22, 23 ERG defects have also been reported in other mouse models of DMD, such as in mdx52 and mdx 3Cv mice. 18, 19, 21, 24, 25 However, these mouse models have alterations of several dystrophins. Therefore, possible cumulative effects may have prevented delineating the selective impact of each dystrophin on the ERG. In the present study, we characterized in detail the ERG phenotype of a mouse model that selectively lacks Dp71. Moreover, the range of stimuli used here enabled testing the integrity of distinct retinal pathways (such as photopic or scotopic, On and Off, and transient and sustained pathways). The asymmetric photopic postreceptoral disturbance found in Dp71-null mice is also a feature of ERGs obtained in patients with DMD. 13, 17 Although reduced ERG b-waves have been classically attributed to the lack of Dp427 and Dp260, [15] [16] [17] 19, 23 our present results indicate that Dp71 loss may also cause b-wave alterations. This is in agreement with recent data from two children with DMD holding a specific deletion/mutation in exon 70 disrupting Dp71 expression and leading to electronegative scotopic ERGs. 22 In conclusion, our results demonstrate the strong potential of gene therapies for the treatment of retinal diseases through intravitreal injection of AAV vectors. To our knowledge, we report here for the first time that neurophysiologic deficits of the retina, considered a classical nonmuscular symptom of DMD, can be successfully reversed by gene therapeutic intervention using an AAV-vector subtype designed to specifically target MGCs. This encourages the use of the ERG as a reliable noninvasive method for the rapid determination of gene therapeutic efficacy in ophthalmic conditions. ERGs may also be predictive for the success of therapeutic interventions in other parts of the CNS. Future experimental approaches that test the efficacy of DMD treatments in the CNS 90-92 may use retinal physiology, as assessed by ERGs, as a valuable biomarker. In addition, the results demonstrate that ERG components reflecting On-bipolar activity and cone pathways are influenced by Dp71-dependent MGC integrity.
